Cis-platinum has been widely used as a first-line chemotherapy agent in clinics for more than 40 years.
Introduction
Cis-platinum is a famous anticancer chemotherapeutic agent found by Barnett Rosenberg and his colleagues in 1969. 1 Since it was rst approved by the FDA in 1978, cis-platinum has been widely used in clinics to treat many kinds of cancers (e.g., breast, liver, ovarian, head and neck cancers). 2, 3 Aer its cellular uptake either by passive diffusion or by copper transporters, cisplatinum attacks DNA, blocks replication, and induces cell apoptosis. 4 Owing to this unique antitumor mechanism, cisplatinum-one of the most common chemotherapeutic agents-has excellent anticancer efficacy and non-cross drug resistance. However, the water solubility of cis-platinum is not appreciable, which hinders its cellular uptake and antitumor activity. It has also been reported that almost 65-98% of cisplatinum is preferentially combined with proteins in the plasm aer intravenous administration. 5 This protein combination process can further hinder cis-platinum from entering into cancer cells and reduce antitumor efficiency. This nonspecic combination can also affect the function of proteins and induce some serious systemic toxicity, such as nephrotoxicity, myelosuppression, and neurotoxicity. 6 Therefore, developing platinum-based drugs with improved cellular uptake, higher antitumor efficacy, and reduced side effects is still a pressing unmet need.
7-11
With the development of nanotechnology, a series of nano drug delivery systems (NDDS) have been developed for cancer chemotherapy to simultaneously prolong drug circulation, enhance tumor accumulation, increase specic cancer cell uptake, improve antitumor efficiency, and reduce side effects.
12
Nanoparticles with good biocompatibility can stealthily circulate in the blood and selectively accumulate at the tumor site by the enhanced permeation and retention (EPR) effect or active tumor targeting with specic ligand modifying the surface of the nanoparticles. 13 A specic ligand can improve the receptor-mediated endocytosis by targeting receptors overexpressed by cancer cells. 14 The loaded drugs are encapsulated or conjugated within the nanoparticles to achieve superior water solubility and sustained or stimulated drug release. To take advantage of these properties of nanoparticles, several NDDS have been designed to deliver cis-platinum, such as micelles, [15] [16] [17] dendrimers, 18, 19 nanoscale coordination polymers, 20,21 nanogels, 22 and inorganic nanoparticles. 23, 24 However, it remains challenging to apply these nanoplatforms to clinical cancer treatment on account of the following reasons. First, there are certain safety concerns about most nanoplatforms that are undegradable. The accumulation of these materials in the human body may induce toxicity in normal tissues. 25, 26 Second, the fabrication process requires complex procedures, tedious chemical purications, and/or harsh conditions that can result in reduced efficacy or increased costs. Third, these stealth nanoparticles capable of long circulation are still hindered by compromised cellular uptake, resulting in limited antitumor efficacy. Therefore, constructing a nanoplatform with biodegradable materials and tumor-specic ligands for cis-platinum delivery by simple and robust procedures can facilitate the clinical translation of cis-platinum-loaded NDDS.
Hydroxyethyl starch (HES) is a semisynthetic polysaccharide and used as one of the rst-line colloidal plasma volume expanders (PVE) in clinics for decades, showing commendable physiochemical properties, biocompatibility, and biodegradability. As an FDA-approved biocompatible polymer, HES has also been used widely in drug delivery systems to improve drug solubility and stability, extend half-life time, and achieve passive cancer targeting. Taking advantage of the abundant hydroxyl groups on the polysaccharide, HES can conjugate with drug molecules, specically targeting ligands or hydrophobic chains. To improve the water solubility and antitumor efficacy, HES has been successfully conjugated with drug molecules, such as doxorubicin, 27,28 5-Fu, 29 10-CPT, 30,31 paclitaxel, 32 docetaxel, 33 and methotrexate 34 for cancer chemotherapy. Hence, employing HES to conjugate with cis-platinum could be a promising way to potentiate the anticancer efficacy of cisplatinum. Most importantly, developing a cis-platinum delivery platform based on HES has promising clinical application prospects because the utilization of HES has been approved by numerous clinical practices.
Herein, we constructed a novel cis-platinum delivery system with clinically used HES. First, to conjugate with HES, cisplatinum was oxidized into Pt(IV) and functionalized with a carboxyl group, as previously reported. 35 Then, by two simple esterication reactions, the cis-platinum prodrug, Pt-COOH(IV), and the active targeting molecule, lactobionic acid (LA), were linked with HES via ester bonds. Finally, aer this simple fabrication process, LA-HES-Pt was obtained. The water solubility of cis-platinum can be signicantly improved aer conjugation with HES. According to our previous reports, HES is a nanoparticle that can passively target a tumor site by the EPR effect. Moreover, LA can actively target hepatoma cells with a high-level expression of ASGPR, promoting cellular endocytosis.
14 Aer entering into cancer cells, conjugated Pt(IV) is reduced to Pt(II) because of GSH, ascorbic acid, thioalcohol, and low pH. Hence, cis-platinum can be released, leading to DNAinduced apoptosis. 15 This simple fabrication process and FDAapproved raw materials (cis-platinum, HES, and LA) endow LA-HES-Pt with high druggability and signicant clinical translation potential. To the best of our knowledge, this is the rst study in which HES has been used to deliver cis-platinum in cancer chemotherapy. 
Materials and methods

Materials
General measurements
The 1 H NMR spectra were measured by a 600 MHz NMR spectrometer (Bruker, Ascend™ 600 MHz) at room temperature. Fourier-transform infrared (FT-IR) spectra were recorded by an FT-IR spectrometer (Bruker, Vertex 70) with an ATR accessory. The UV spectra were measured by a UV spectrophotometer (Persee, TU-1901). Transmission electron microscope (TEM, Hitachi, HT7700) and atomic force microscope (AFM, Bruker, MultiMode V8) images were used to characterize the morphology of HES. A dynamic light scattering analyzer (Malvern, Zetasizer Nano ZS90) was used for the measurement of the colloidal properties of HES. Gel permeation chromatography (GPC) was used to study the molecular weight and conformation of HES. X-ray diffraction (XRD) spectra were measured by an XRD diffractometer (PANalytical, Empyrean). Atomic absorption spectrometer (AAS, Perkin Elmer, AA 300) and inductively coupled plasma optical emission spectrometry (ICP-OES, Thermo, iCAP 7000) were used for platinum quantication in platinum conjugates and cellular uptake, respectively. A microplate reader (Thermo, Multiskan) was used to perform 3- Succinic anhydride (150.1 mg, 1.5 mmol) was added to a solution of c,t,c-[PtCl 2 (OH) 2 (NH 3 ) 2 ] (500 mg, 1.5 mmol) in DMSO (40 mL) and the resulting mixture was stirred at room temperature for 12 h. Then, the reaction mixture was precipitated with ether. The precipitate was isolated by centrifugation, washed with acetone and ether thrice, and dried under vacuum to give a yellow powder (590 mg; yield: 90.6%).
Synthesis of HES-Pt
The synthesized Pt-COOH (100 mg, 0.23 mmol) was dissolved in DMF (16 mL). To this solution, HES (100 mg; glucose unit: 0.6 mmol), EDCI (220.1 mg, 1.15 mmol) and DMAP (71.0 mg, 0.58 mmol) were added and the resulting mixture was stirred at 45 C for 48 h. Then, the reaction mixture was dialyzed against water for 3 days and lyophilized (102 mg; yield: 51.0%).
Synthesis of LA-HES-Pt
LA (100 mg, 0.28 mmol) was dissolved in DMF (20 mL). To the solution, HES-Pt (100 mg; glucose unit: 0.52 mmol), EDCI (268.4 mg, 1.4 mmol), and DMAP (85.5 mg, 0.7 mmol) were added and the resulting mixture was stirred at 45 C for 48 h.
Then, the reaction mixture was dialyzed against deionized water for 3 days and lyophilized (109 mg; yield: 54.5%). Based on the 1 H NMR spectrum, we calculated that there are around 104 LA molecules on each HES nanoparticle.
The platinum loading content (DLC) of HES-Pt and LA-HESPt were determined by an atomic absorption spectrometer, which was calculated as
where Wt (loaded Pt) is the weight of the loaded platinum and Wt (Pt-loaded conjugates) is the weight of Pt-loaded conjugates.
From the drug loading content, we calculated that there are around 23 cisplatin molecules in LA-HES-Pt.
Cellular uptake
To investigate the cellular uptake mechanism of LA-modied HES (LA-HES), ASGPR-overexpressed HepG-2 cells were selected, whereas 4T1 cells without ASGPR expression were selected as the negative control. HES and LA-HES were labeled by uorochrome Cy5 for confocal imaging and ow cytometry analysis. Briey, HepG-2 and 4T1 cells were seeded into glass bottom cell culture dishes at 5 Â the cells with cis-platinum, Pt-COOH, HES-Pt, and LA-HES-Pt for 6 h, the medium was removed and the cells were washed with PBS thrice. Then, the cells were harvested and counted. The cell suspensions were digested with a mixture of nitric acid (65-68%, 2.0 mL) and perchloric acid (70-72%, 0.15 mL) at 320 C for 30 min. Aer cooling to room temperature, the above solutions were diluted to 10 mL with deionized water and measured by ICP-OES at 214.4 nm.
Biocompatibility assessment
The murine broblast cell line, 3T3, was used to evaluate the biocompatibility of HES. Briey, 3T3 was seeded into a 96-well plate with a cell density of 5 Â 10 3 per well. Aer culturing overnight, different HES samples were incubated with 3T3 cells at concentrations ranging from 0.1 mg mL À1 to 1000 mg mL À1 for 24 h. Then, MTT assays were used to determine the cell viability, as previously reported. Cells incubated only with the medium were used as the reference for 100% viability.
In vitro antitumor activity
MTT assays were used to evaluate the in vitro cytotoxicity of cisplatinum, Pt-COOH, HES-Pt, and LA-HES-Pt against human hepatoma cells, HepG-2. Briey, HepG-2 cells were seeded into 96-well plates with a cell density of 5 Â 10 3 per well. Aer culturing overnight, 4-well cells were incubated with different materials at various concentrations. Aer 24 h incubation, MTT assays were used to determine the cell viability as previously reported. Cells incubated only with the medium were used as the reference for 100% viability.
Statistical analysis
All the data were presented as the mean value AE standard deviation (SD). Statistical analysis was performed by the Statistical Product and Service Solutions (SPSS) program with independent samples T-test. The statistical signicance was established at p < 0.05. *p < 0.05, **p < 0.01, ***p < 0.001.
Results and discussion
Derived from waxy maize that contains more than 95% amylopectin, HES is a semisynthetic polysaccharide and has been used as the rst-line colloidal PVE for several decades in clinics. 36 HES can be categorized into various classes based on its molecular weight, molar substitution of hydroxyethyl, and hydroxyethylation substitution pattern (C2/C6 ratio). 37 These parameters affect the endogenous a-amylase, which selectively cleaves a-(1,4)-glycosidic bonds but not the branching a-(1,6)-glycosidic bonds and mediates the degradation of HES in blood, thereby determining the in vivo pharmacokinetics of HES and facilitating the tailoring of the in vivo fates of HES by simply modulating these parameters. Although safety concerns have been raised for acute kidney injury and increased risk of mortality when HES is administered to seriously ill patients requiring acute volume resuscitation (particularly to patients with severe sepsis and those in intensive care), 38-41 HES has extremely low immunogenicity, presumably owing to the common structural features between HES and glycogen, both of which are branched polysaccharides. 42 A good manufacturing practice, high water solubility, tailorability, biocompatibility, biodegradability, and well-dened and proven in vivo safety features not only facilitate HES to be widely applied in clinics as PVE, 
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Although HES has been applied in clinics for over 50 years, its fundamental conformation, structure, and morphology are largely unknown. To retain the branched structure of amylopectin, hydrodynamic diameters around dozens of nanometers have been frequently measured in HES solutions with DLS. 28, 34, 58, 59, 76 TEM and AFM imaging has revealed that HES exhibits a colloidal structure in self-assembled nanoparticles 67,77 and conjugates. 60 Nonetheless, the conformation and structure of a single HES particle remains an enigma. Without such information, correlating the structure of HES with clinical uses and safety concerns is impossible, and the rational clinical applications of HES and clinical translations of HESbased drug delivery systems will be limited. Initially, the conformation and structure of single HES, with different molecular weights, will be systematically scrutinized by a combination of DLS, TEM, AFM, GPC, and NMR.
HES conformation
To comprehensively understand the conformation of HES, HES with different molecular weights, namely, 480 kDa, 200 kDa, 130 kDa, 70 kDa, and 25 kDa, have been studied by a combination of GPC and DLS. As shown in Table 1 respectively. The polydispersity values of ve HES samples are between 1.95 and 3.88, indicating a relatively wide molecular weight distribution. Fig. S1 † shows that the GPC spectra of different HES samples are signicantly overlapped with each other, suggesting that HES samples have a relatively wide molecular weight distribution. These results are similar to the others. 76, 78 Considering the production practice of HES, the observed results in the GPC are reasonable as HES is retained by the membrane separation technique.
The conformational coefficient a is a good indicator of the conformation of macromolecules and can be obtained with the following equation:
taking the logarithm of both the sides of eqn (1):
where R g is the radius of gyration, k is the proportionality constant, and M is the molar mass of the individual polymer molecule. Therefore, a can be obtained by measuring R g and molar mass. 80, 81 The a values of our HES samples are slightly lower than that of random coils, indicating that HES has a relatively compact conformation rather than a linear one. Our results are in good agreement with those reported by others. 79 Further, rratio is another indicator for the conformational quantication of macromolecules. The r-ratio is known as the ratio of the gyration radius to the hydrodynamic radius (R g /R h ); these radii can be measured by GPC and DLS, respectively. As shown in Table 2 , the r-ratio values of our HES samples are between 1.04 and 1.13. It was reported that the r-ratio is equal to 0.778 for hard spheres, 0.977 for dendrimers, 1.225 for a hyper-branched polymer, and 1.73 for a random coil of linear macromolecules in a q-solvent. 82 The r-ratio values of our HES samples are between dendrimers and hyper-branched polymers, indicating that HES has a relatively compact conformation. 42 Meanwhile, the 1 H NMR spectra of HES were investigated to conrm that HES is a hyperbranched polymer, and there are many hydroxyl sites that can be modied ( Fig. S3 and S4 †). Collectively, the 1 H NMR spectra, a, and r-ratio corroborate that HES can adopt a compact conformation.
HES morphology
The size distributions of HES in an aqueous solution have been reported in previous studies. 34, 76, 77 However, the morphology of HES is largely unknown, particularly that of a single HES particle. TEM and AFM have been widely employed to directly characterize the morphology of macromolecules. 77, 83 Here, TEM and AFM were utilized to characterize the morphology of HES 480/0.5, HES 200/0.5, and HES 130/0.4. HES was negatively stained by phosphotungstic acid and characterized by TEM at a low acceleration voltage (80 kV). Fig. 1A shows that HES particles are nearly spherical (white) for each single HES. Moreover, all the HES samples have a spherical shape. The AFM images consistently show that HES are nearly spherical particles (Fig. 1C) . These results are consistent with the relatively compact conformation of HES and indicate that the HES nanoparticles are intrinsic. The diameters of HES determined by TEM and AFM are in accordance with those determined by DLS (Fig. 1B and D and Table 2 ). To be specic, the diameters of HES 130/0.4, 200/0.5, and 480/0.5 determined by TEM characterization are 14.74 AE 2.01 nm, 20.64 AE 2.03 nm, and 28.75 AE 4.79 nm, respectively (Fig. 1B) . The AFM results are consistent with the TEM results (Fig. 1D) (Table 2) . Further, we found that the hydrodynamic diameter of HES decreased with increasing concentration, suggesting the hydrodynamic diameter of HES is dependent on the osmotic pressure and implying that HES particles are so nanoparticles that can be squeezed by osmotic stress (Fig. S5 †) . The DLS, TEM, and AFM images corroborate the fact that the size of HES increases with its molecular weight, and the diameters of HES 480/0.5, HES 200/ 0.5, and HES 130/0.4 are in the range of 10-40 nm, which is benecial for prolonged in vivo circulation and passive tumor targeting via the EPR effect. 28, 76 The diameters of HES with different molecular weights and degrees of substitution were also measured by DLS, AFM, and TEM in previous studies. 28, 34, 60, 66, 76 However, integrating GPC, DLS, and TEM with AFM for uncovering the structure and morphologies of HES has been seldom reported. The combination of various advanced characterization techniques facilitates the complete appreciation of HES. The revealed colloidal structure of HES might correlate with acute kidney injury when administered as PVE in clinics, as branched HES might get stuck in the glomeruli of kidneys. Nonetheless, more systematic studies are required, particularly for undertaking clinical trials. Taken together, the GPC, DLS, TEM, and AFM results corroborate the colloidal structure of HES.
Pt delivery system based on HES nanoparticles
Based on the understanding that HES particles are intrinsic nanoparticles with a suitable size for in vivo circulation and passive tumor targeting, we constructed a novel prodrug of cisplatinum further modied with LA, which can specically bind to the ASGPR overexpressed on the surfaces of hepatoma cells, HepG-2. 60 There are many advantages of this drug delivery system (LA-HES-Pt). First, HES has excellent solubility and good biocompatibility and biodegradability, which can improve cisplatinum solubility and stability. 31, 33, 63, 84 Second, LA-HES-Pt can attain passive cancer targeting due to the EPR effect of HES, and it can also be specically taken up by hepatoma cells via ASGPR-LA-mediated endocytosis pathways. Third, HES, cisplatinum, and LA have been approved for clinical practice, which endows LA-HES-Pt with high druggability. 64 Last, but not the least, platinum is a high-atomic-number element, which facilitates the direct detection of HES under TEM observations without the need for staining. As shown in Fig. 2A , LA-HES-Pt was synthesized through three simple steps. Pt-COOH, a ramication of cis-platinum, was rstly prepared according to a previously method reported. 35 Then, HES-Pt was synthesized via an esterication reaction between the carboxyl group of Pt-COOH and hydroxyl group of HES. Finally, HES-Pt was modied with galactose moieties via an esterication reaction between the carboxyl group of LA and hydroxyl group of HES. Several studies have shown that HES 200/0.5 exhibits prolonged in vivo circulation and excellent tumor accumulation. 28, 30 Here, HES 200/0.5 was selected as the starting material to synthesize LA-HES-Pt. The successful synthesis of HES-Pt and LA-HES-Pt was conrmed by 1 H NMR, FT-IR, and UV (Fig. 2B , C and S6A-C †).
The 1 H NMR spectra of Pt-COOH show the characteristic signals of succinyl at 2.50-2.62 ppm (Fig. S6A †) and the FT-IR spectra of Pt-COOH are in accordance with those reported in the literature 15, 85 (Fig. S6B †) , suggesting the successful synthesis of Pt-COOH. The 1 H NMR spectra of HES-Pt also show the characteristic signals of succinyl (Fig. 2B ) and the FT-IR spectra of HES-Pt show the characteristic band of an ester bond at 1718 cm À1 (Fig. 2D) , indicating that Pt-COOH is successfully conjugated onto HES through the ester bond. When compared with HES-Pt, the characteristic signal of LA at 4.50 ppm appears in the 1 H NMR spectra of LA-HES-Pt (Fig. 2C) LA-HES-Pt are 6.4% and 2.6%, respectively, as determined by the atomic absorption spectrometer. The size distribution of HES, HES-Pt, and LA-HES-Pt are measured by DLS (Fig. 2E) ; their hydrodynamic diameters are 18.09 AE 3.89, 19.25 AE 3.94, and 20.00 AE 2.94 nm, respectively (Table 3) , indicating the insignicant size changes aer Pt-COOH and LA conjugation. Due to the high atomic number of platinum, platinum can effectively absorb the incident electrons in TEM imaging, resulting in high contrast with HES.
Aer coupling with platinum, the resultant conjugate can be easily characterized by TEM without staining. HES-Pt based on HES 130/0.4, HES 200/0.5, and HES 480/0.5 were characterized by TEM (Fig. S7 †) . HES-Pt exhibits nearly spherical morphology and the size increases with the molecular weight of HES, which is consistent with the results of HES characterized by TEM and AFM (Fig. 1) . Further, the TEM image of LA-HES-Pt shows that LA-HES-Pt exhibits nearly spherical nanoparticles (Fig. 2F) . Moreover, the XRD spectra of HES, HES-Pt, and LA-HES-Pt show an amorphous characteristic, indicating that the morphology of those samples characterized by TEM and AFM exhibit single molecular, and not crystalline, morphology (Fig. S6D †) . The average diameter of LA-HES-Pt determined from the TEM image is 19.35 AE 2.50 nm (Fig. 2G) , which is consistent with the hydrodynamic diameter determined by DLS. The zeta potentials of HES, HES-Pt, and LA-HES-Pt in PBS buffer are 1.35 AE 2.03, À1.31 AE 0.04, and À2.06 AE 0.57 mV, respectively, indicating that they are neutral. Collectively, these results conrm that HES-Pt and LA-HES-Pt are intrinsic nanoparticles, like HES. To investigate the cellular uptake of HES and LA-modied HES (LA-HES), ASGPR-overexpressed HepG-2 cells were chosen, and 4T1 cells without ASGPR expression were chosen as the negative control. Fluorescent dye Cy5 was conjugated onto HES and LA-HES for confocal imaging and ow cytometry analysis. Human liver cancer HepG-2 cells with ASGPR overexpression were incubated with Cy5-labeled HES and LA-HES for 12 h. As expected, an increased Cy5 signal was observed in the LA-HES-Cy5 group when compared with that in HES-Cy5 by confocal laser scanning microscopy (CLSM) (Fig. 3A) . This indicated that increased HES was taken into HepG-2 cells aer modication with LA. Meanwhile, this uptake could be inhibited by the preincubation with additional free LA by competition uptake (Fig. 3A) . Quantitative ow cytometry measurement further revealed that the cellular uptake of HES was enhanced by 4.1 times by the modication of LA molecules (Fig. 3B and C) , while the endocytosis of HES-Cy5 was not affected by the preincubation of free LA with HepG-2 cells. These results suggest that the uptake of LA-HES-Cy5 by HepG-2 cells is via the ASGPR-LA-mediated endocytosis pathway. The cellular uptake of LA-HES-Cy5 is similar to that of HES-Cy5 on ASGPR-negative 4T1 cells (Fig. S8A-C †) , further conrming the ASGPR-LA-mediated endocytosis of LA-HES-Cy5 on HepG-2 cells.
Since it is reported that the modication of hydrophilic HES inhibits the cellular uptake of drug conjugates, 28,34 several targeting molecules have been used to improve the cellular uptake of HES-based drug delivery systems, such as iRGD-HES, 67 FA-HES (folic acid), 86 and Gal-HES (galactosamine). 60 Further, it has been reported that the cellular uptake of nanoparticles modied by LA (galactose moiety) is high on ASGPR-positive cancer cells via ligand-receptor-mediated endocytosis.
14 Herein, we successfully conjugated LA with HES and investigated its cellular uptake properties. Taken together, these results show that LA modication can promote the cellular uptake of HES, particularly on ASGPR-overexpressed cells due to ASGPR-LA-mediated endocytosis.
To study the cellular uptake of HES-Pt and LA-HES-Pt, the intracellular platinum content was measured by ICP-OES (Fig. 4A) . HepG-2 cells were incubated with cis-platinum, Pt-COOH, HES-Pt, and LA-HES-Pt (10 mg mL À1 of platinum) for 6 h, and the intracellular platinum content was determined thereaer. To be specic, the intracellular platinum content of cisplatinum, Pt-COOH, HES-Pt, and LA-HES-Pt determined by ICP-OES are 0.02 AE 0.01 mg, 0.01 AE 0.01 mg, 0.06 AE 0.01 mg, and 0.26 AE 0.01 mg for every 10 5 cells, respectively (Fig. 4A) . Pt-COOH exhibits a reduced cellular uptake as compared to cisplatinum, which can ascribe to the enhanced hydrophilicity of Pt-COOH, preventing the interaction between Pt-COOH and cell membranes. 16 HES-Pt exhibits enhanced cellular uptake as compared to both Pt-COOH and cis-platinum, implying the advantage of conjugation with HES. LA-HES-Pt exhibits the highest cellular uptake, with intracellular platinum content 15.6 times higher than that of cis-platinum and 4.3 times higher than that of HES-Pt. These results surprised us with a signi-cant improvement in the platinum uptake for 15.6 times when compared with that of cis-platinum. When compared with the previously reported platinum drug delivery systems in which platinum uptake was improved by 9.8 times by micelles 15 and The in vitro cytotoxicity values of HES-Pt and LA-HES-Pt against HepG-2 cells were nally evaluated by MTT assays (Fig. 4B) . Cis-platinum, HES-Pt, and LA-HES-Pt exhibit cytotoxicity in a dose-dependent manner. LA-HES-Pt exhibits the highest cytotoxicity against HepG-2 cells, with IC 50 value that is 5.3-fold lower than that of cis-platinum and 4.4-fold lower than that of HES-Pt (Fig. S10 and Table S2 †). To be specic, the IC 50 values of cis-platinum, HES-Pt, and LA-HES-Pt were 11.34 mg mL À1 , 9.40 mg mL À1 , and 2.14 mg mL À1 , respectively. Pt-COOH shows no cytotoxicity by MTT assay. Meanwhile, the biocompatibility of HES is also conrmed with MTT assay against murine broblast 3T3 cells (Fig. S9 †) . Although several platinum drug delivery systems have been developed, only a few of these reported systems are more efficient than the cis-platinum system. 15 It is mainly on the account of limited cellular uptake. Herein, our results have indicated that LA-HES-Pt have the highest cytotoxicity to HepG-2 cells. This can be ascribed to the efficient cellular uptake by ASGPR-LA-mediated endocytosis (Fig. 4A) . The platinum conjugated on LA-HES-Pt was reduced to cis-platinum by GSH, ascorbic acid, thioalcohol, and low pH aer entering into the cell, leading to DNA-induced apoptosis.
15 HES-Pt also exhibits enhanced cellular uptake as compared to cis-platinum, but the cytotoxicity of HES-Pt is similar to cis-platinum, which may be ascribed to the insufficient intracellular Pt release of HES-Pt. 15, 16 Due to this limited cellular uptake, Pt-COOH exhibits minimal cytotoxicity, which is also consistent with previous reports.
15
When compared with previous reports, our results also show the best in vitro anti-hepatoma efficiency for platinum drug delivery systems. Taken together, based on our rational design, the in vitro antitumor activity of LA-HES-Pt against HepG-2 cells is signicantly enhanced when compared with cis-platinum.
Outlook and concluding remarks
In summary, a novel cis-platinum delivery nanoplatform, LA-HES-Pt, is constructed based on clinically used colloidal PVEs, namely, HES, to enhance the cellular uptake and cytotoxicity of cis-platinum. GPC, DLS, TEM, and AFM corroborate that HES particles are spherical. In vitro experiments veried that LA-HES-Pt can actively target HepG-2 cancer cells with a highlevel expression of ASGPR and promote cellular endocytosis to exert better antitumor effects than cis-platinum. Remarkably, the intracellular platinum content increases 15.6 times and IC 50 decreases 5.3-folds for LA-HES-Pt when compared with cisplatinum. By revealing the structure of clinically used PVE, namely, HES, this study has signicant clinical implications, paving the road for clinical translations of HES-based NDDS. Since HES, cis-platinum, and LA have been approved for clinical practice, the reported LA-HES-Pt has signicant clinical translation potential and warrants further in vivo investigations.
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